Disposable screen-printed sensors have been modified with enzymes and used to form a bioelectronic tongue dedicated to the discrimination between different grape varieties. The multisensory system combined serigraphied electrodes modified with carbon, platinum, gold, graphene, Prussian blue and nickel oxide nanoparticles (M-SPE) covered with glucose oxidase (M-GOX-SPE) or tyrosinase (M-Tyr-SPE).
Introduction
The use of accurate techniques for the analysis of grapes is an important need in the wine sector. Glucose and polyphenols are among the analytes that need to be monitored and measured in order to guarantee the maturity of the grapes and the quality of the final product. In the laboratory, the assessment of grape maturity is performed by analyzing representative samples by standard analytical techniques such as spectroscopy, chromatography (to measure phenols) or refractometry (to measure the sugar content in Brix) (Blouin & Guimberteau, 2000) . In the last few years, a variety of sensors dedicated to the grape analysis have been developed. Most of them are fiber-optic fluorescence sensors that measure the levels of anthocyanins and chlorophyll (Ghozlen, Cerovic, Germain, Toutain, & Latouche, 2010) , or near-infrared optical sensors that can assess the sugar content ( Brix) (Herrera, Guesalaga, & Agosin, 2003) . Electrochemical glucose and polyphenol biosensors are a powerful alternative for monitoring such compounds due of their specificity, high sensitivity and short response time (Barroso, De los Santos Alvarez, Delerue-Matos, & Oliveira., 2011; Carralero Sanz, Mena, Gonz alez-Cort es, Y añez-Sedeño, & Pingarr on, 2005; Wang, 2008) .
Typical enzymatic electrodes, based on glucose oxidase (or tyrosinase), undergo several electrochemical steps which produce a measurable current that is linearly related to the glucose (or polyphenol) content. The active sites of glucose oxidase and phenoloxidases are not accessible. In order to improve the electron transfer, electron mediators must be included in the sensor (Barroso et al., 2011; Chaubey & Malhotra, 2002; Ricci, Amine, Palleschi, & Moscone, 2003; Wang, 2008) . Nanotechnology has opened up new opportunities to obtain more efficient electron mediators, such as metal nanoparticles or nanocarbons (i.e. carbon nanotubes or graphene) (Carralero et al., 2005; Rahman, Ahammad, Jin, Ahn, & Lee, 2010) .
The analysis of complex mixtures such as wines will be improved by using the so-called electronic tongues, a new class of instruments that provide global information about the sample, instead of information about specific compounds. There have been a range of portable electronic tongues which have been produced based on a numerous core sensing technologies. including mass, optic, electrical or electrochemical transduction (Baldwin, Bai, Plotto, & Dea, 2011; Haddi et al., 2014; Riul, Dantas, Miyazaki, & Oliveira, 2010; Rodríguez-M endez, Medina, De Saja, Apetrei, & Muñoz, 2012; Sghaier, Barhoumi, Maaref, Siadat, & JaffrezicRenault, 2009; Sliwinska, Wisniewska, Dymerski, Namiesnik, & Wardencki, 2014; Smyth & Cozzolino, 2013) . Arrays of electrochemical sensors have been successfully used to discriminate between wines with different organoleptic characteristics Cet o, Apetrei, Del Valle, & Rodríguez-M endez, 2014; Cet o et al., 2012; Gay et al., 2010; Gil-S anchez et al., 2011; Guti errez, Moreno-Bar on, Pividori, Alegret, & Del Valle, 2010; Parra, Hernando, Rodríguez-M endez, & De Saja, 2004; Rodríguez-M endez et al., 2014; Zeravik, Hlavacek, Lacina, & Skl adal, 2009) or grapes of different qualities (Guti errez et al., 2011; Moreno i Codinachs et al., 2008) . It has also been established that arrays combining sensors and biosensors can be advantageous, as they bring together both the benefits of classical arrays of electrochemical sensors (which provide global information about the sample) with the specificity of the enzymeesubstrate reaction typical of biosensors Moreno i Codinachs et al., 2008) .
In spite of the good results obtained with electronic and bioelectronic tongues, the use of liquid electrochemical cells and heavy potentiostats, the high cost of the sensors and the need for periodic calibration all restrict their use to the laboratory. It would be desirable to develop multisensor systems using disposable electrodes that could be used in the vineyard block.
During recent years, the screen-printing (thick film) technology, applied to sensor and biosensor construction, has been considerably improved. Screen-printed electrodes (SPEs) are in fact simple to prepare, rapid and versatile, and this technology also appears to be the most economical. Their low cost makes possible to use them as disposable electrodes. SPE containing a serigraphied pseudoreference Ag/AgCl electrode, a counter electrode and a working electrode in the same device, can be prepared using a variety of modifiers that include metals, metal oxides, nanocarbons, nanoparticles, phthalocyanines, conducting polymers, or prussian blue, among many others (Metters, Kadara, & Banks, 2011) . Moreover, enzymes can be immobilized on modified screen-printed electrodes to take advantage of the electron mediator properties of many of these materials for biosensing.
The aim of this work was to develop a bioelectronic tongue, based on an array of disposable screen-printed electrodes, dedicated to the analysis of grapes. For this purpose, six SPE sensors, modified with different materials (M-SPE) were selected, including (a) three classical electrode materials: graphite (C-SPE), platinum (Pt-SPE) and gold (Au-SPE) (b) two nanostructured electrocatalytic materials: graphene (GPH-SPE) and nickel oxide nanoparticles (NiONP-SPE) and (c) materials with well-known electron mediator properties and Prussian Blue (PB-SPE). Then, glucose oxidase (GOX) or Tyrosinase (Tyr) were immobilized on the surface of the M-SPE electrodes to obtain M-GOX-SPE and M-Tyr-SPE biosensors that could provide information about the glucose and phenol content respectively. After the optimization of the measurement conditions and the evaluation of the cross-selectivity of the sensors, the array was used to analyze musts prepared from different varieties of grapes. The discriminatory capability of the sensor array was investigated using Principal Component Analysis (PCA).
Material and methods

Chemicals
All chemicals and solvents were purchased from SigmaeAldrich. Solvents were of reagent grade and used as supplied. Deionized water was obtained from a Millipore purifier, with a resistivity of 18.2 MU/cm.
Glucose oxidase (GOX), from Aspergillus niger, type VII (activity plus 0.001 kat/mg), and Tyrosinase (Tyr), from Mushroom (activity of 6.10 À5 kat/mg), were purchased from Sigma Chemical Co. (USA).
Grape samples
Samples of five varieties of red grapes (Tempranillo, Garnacha, Cabernet-Sauvignon, Prieto Picudo and Mencía) were harvested in September 2013. For each variety, berries were collected in the vineyards of the 'Bodega Cooperativa de Cigales' and of the 'Instituto Tecnologico Agrario de Castilla y Le on', both located in the Valladolid area of Castilla y Le on (Spain). To obtain the musts, 200 berries were introduced in a plastic bag and crushed for 1 min manually. For each variety of grape, this process was carried out by septuplicate, giving a total of 35 samples. The musts were analyzed after separation from the seeds and the peel. The Oenological Center of Castilla y Le on carried out the chemical analysis of the grapes following international regulations (OIV, 2013) . Parameters analyzed included the chemical indicators of the sugar content ( Brix) and of the polyphenolic content (Total Polyphenol Index: TPI). Total acidity (expressed as g/L of tartaric acid) and pH were also analyzed, due to the influence of the pH and the ionic strength in the enzymatic activity. The results are collected in Table 1 .
Screen-printed electrodes and biosensors
Six screen-printed electrodes modified with different materials (M-SPE), purchased from Dropsens (www.dropsens.com), were used as substrates for the deposition of enzymes. Each sensor device contained a serigraphied pseudo-reference Ag/AgCl electrode (RE), a counter electrode (C or Pt) (CE) and a working electrode. As Table 1 Results of the chemical analysis of grapes carried out by traditional chemical methods (seven replicas).
Total polyphenol index
Prieto Picudo 23 ± 2 3.61 ± 0.08 4.8 ± 0.2 15 ± 3 Mencia 21 ± 2 4.18 ± 0.08 4.3 ± 0.2 13 ± 3 Tempranillo 24 ± 2 4.20 ± 0.08 4.1 ± 0.2 21 ± 4 Cabernet-Sauvignon 23 ± 2 3.65 ± 0.08 4.1 ± 0.2 16 ± 3 Garnacha 23 ± 2 3.39 ± 0.08 4.4 ± 0.2 15 ± 3 observed in Table 2 , the modifiers covering the working electrode of the M-SPE devices included carbon (C), platinum (Pt), gold (Au), graphene (GPH), nickel oxide nanoparticles (NiONP) and Prussian blue (PB) ( Table 3 ). The six screen-printed electrodes were modified with Glucose oxidase (GOX) or Tyrosinase (Tyr), using the drop casting technique followed by cross-linking. For this purpose, 10 ml of a 70 g/L solution of the corresponding enzyme (tyrosinase or glucose oxidase) in 0.01 mol/L phosphate buffer (pH 7.0) were placed onto the working electrode surface. After drying at room temperature for 30 min, cross linking was carried out by exposing the modified working electrode to glutaraldehyde vapors (20 g/L, water solution) for 20 min. Throughout the process, CE and RE were protected with a mask to avoid contamination by the enzyme or the glutaraldehyde. Using this method, six GOX-based (M-GOX-SPE) and six Tyr-based (M-Tyr-SPE) biosensors were prepared (Table 2) .
Electrochemical measurements
Electrochemical measurements were carried out in a portable (weight under 1 g) potentiostat mSTAT 400 (from Dropsens). Cyclic voltammograms were registered from À0.6 V to þ1.0 V (the scan started at 0 V), at a sweep rate of 0.05 V/s. The applied potential was measured versus the screen-printed internal silver pseudoreference electrode. Sensors were immersed in the solution and polarized sequentially. The electrochemical experiments were performed at a controlled temperature of 21 C. After each measurement, sensors were discarded and replaced by a new sensor and wines were measured randomly.
Statistical analysis
Curves were pre-processed through the adaptation to our case of a data reduction technique based on predefined response "bellshaped-windowing" curves called "kernels" (Parra et al., 2004) . It is based on a compression method (Guti errez-Osuna & Nagle, 1999). The voltammogram curve is multiplied by 10 smooth, bell-shaped windowing functions defined as
where a i , b i and c i define the width, shape and center of the different windowing functions K i . Subsequently, data were integrated with respect to voltage. After compression, each voltammogram has been reduced to a vector of 10 variables. Using this method, ten variables per curve were obtained which were used as the input data source for statistical analysis. In previous works, it has been demonstrate that this method provides similar results to other pre-treatment processes such as the wavelet transformation (WT) (Cet o et al., 2014) or using genetic algorithms (Prieto et al., 2013) .
A non-supervised multivariate method, the Principal Component Analysis (PCA), was used to analyze the voltammetric curves and to evaluate the discrimination capability of the system. The data entry was a matrix with the samples in the rows. As we registered seven repetitions per sample, 7 rows per sample (one per repetition) were introduced in the matrix. Sensors were inserted in the colons (10 colons per sensor because 10 kernels were calculated per sensor).
Partial Least Squares (PLS-1) regression models were built to predict the phenolic and the sugar content of the musts.
All computations, and the chemometric analysis, were carried out using the software Matlab v5.3 (The Mathworks Inc., Natick, MA, USA) and Unscrambler (Camo).
Results
Measures in glucose and in catechol
As a preliminary experiment, the electrochemical response of screen-printed sensors immersed in 0.01 mol/L phosphate buffer was tested. As expected, C-SPE, GPH-SPE and NiONP-SPE sensors did not show any redox peak within the studied range. Pt-SPE and Au-SPE showed the usual peaks related to the oxidation/reduction of water and those associated with the adsorption of oxidized species to the surface. Finally, PB-SPE showed the redox peaks of the hexacyanoferrate ion (To Thi Kim, Gabrielli, Perrot, GarciaJareno, & Vicente, 2012).
The effect of the electrode modification with GOX on the oxidation of glucose at the SPE surface, and the role of the six materials used as electron mediators, was evaluated by performing voltammetric experiments. Fig. 1 compares the cyclic voltammograms of the M-SPE and M-GOX-SPE electrodes in the presence of 0.01 mol/L glucose in phosphate buffer.
The responses of C-SPE, Pt-SPE and Au-SPE were similar to those of the electrodes modified with the enzyme (C-GOX-SPE, Pt-GOX-SPE and Au-GOX-SPE). The only noticeable differences were small increases in the background currents in M-GOX-SPE, and a slight Gold/Au-SPE Gold/Au-GOX-SPE Gold/Au-Tyr-SPE DRP-110GPH
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Prussian Blue/PB-SPE Prussian Blue/PB-GOX-SPE Prussian Blue/PB-Tyr-SPE increase in the current intensity at potentials related to the electrochemical reactivity of H 2 O 2 (at À0.4 V and lower). The curves obtained with GPH-GOX-SPE, NiONP-GOX-SPE and PB-GOX-SPE showed a clear increase in the current intensities of the whole curves, demonstrating that graphene, nickel oxide nanoparticles and Prussian blue were excellent electron mediators. It is important to remark that Prussian blue was particularly effective in enhancing the sensitivity towards glucose. The good electro-catalytic activity of such modifiers was in good agreement with results described in the literature using other types of electrodes (Rahman et al., 2010; To Thi Kim et al., 2012; Valentini, Carbone, & Palleschi, 2013) . The electrochemical response of the M-SPE and M-Tyr-SPE sensors towards phenols was evaluated by registering the cyclic voltammograms in a 0.01 mol/L catechol solution (in 0.01 mol/L phosphate buffer pH 7.0). In all M-SPE sensors, the oxidation of catechol to the quinoid form was observed at ca. 0.8 V. This peak was accompanied by a peak at ca. À0.2 V, produced by the reverse reaction (Matemadombo, Apetrei, Nyokong, Rodríguez-M endez, & De Saja, 2012) . Only small differences in the position and intensities of the peaks were observed form one electrode to another. According to this, none of the modifiers tested showed a particularly intense electro-catalytic effect towards catechol.
When electrodes were covered with tyrosinase, the electrochemical response of C-Tyr-SPE, Pt-Tyr-SPE and Au-Tyr-SPE were almost identical to the responses observed in the absence of tyrosinase. In contrast, GPH-Tyr-SPE, NiO-Tyr-SPE and PB-Tyr-SPE, all produced a shift in the anodic peak to lower values (from 0.8 V to 0.65 V). This effect was accompanied by a moderate increase in the intensity of the cathodic peak at À0.2 V due to the reduction of the quinone derivative formed as a result of the enzymatic oxidation of catechol by the immobilized tyrosinase (Fig. 2) .
Measures in musts. Optimization of the experimental conditions
As will be shown below, voltammograms registered by immersing the SPE electrodes in musts showed rich voltammograms where peaks produced by components with redox activity present in the sample (i.e. phenols, or sugars) and peaks related to the electrode modifier (i.e. Prussian blue) could be observed.
Unfortunately, preliminary experiments using M-SPE sensors demonstrated that the direct analysis of non-diluted musts produced irreproducible responses (the fact that the first cycle is always different from the rest has to be taken into account because, during this cycle, a flux of ions diffusing inside/outside the film is established, which is why this cycle was always discarded). Upon successive cycling, a progressive decrease in the intensity of the signals was observed, with a coefficient of variation (CV) always higher than 30% (Fig. 3a) . This was due to the existence of proteins in suspension or the presence of other materials, such as sugars, that could adhere to the electrode surface. Moreover, the direct contact between the solution and the pseudo reference Ag/AgCl electrode could also be a source of irreproducibility.
A 1:2 dilution with water or with 0.01 mol/L phosphate buffer drastically improved the repeatability, and the CVs were within the range of 8e16% in M-SPE sensors not modified with enzymes (Fig. 3b) . The variability was lower than 10% in sensors covered with enzymes.
In most of the cases, a 1:2 dilution with 0.01 mol/L phosphate buffer produced voltammograms with a higher intensity than dilution with water. However, the degree of amplification was dependent on the nature of the electrode. This is illustrated in Fig. 4 , where a clear increase in the intensity was observed when using GPH-Tyr-SPE; whereas the amplification was almost negligible when using a NiONP-Tyr-SPE electrode. The reasons for the amplification are not clear, but this phenomenon could be related to the increase in the pH produced by the phosphate buffer.
Regarding the lifetime, it is worth mentioning that M-SPE electrodes decreased their intensity smoothly over 50 cycles. In contrast, M-GOX-SPE or M-Tyr-SPE decreased their intensity progressively over ca. 10e15 cycles. After the 10e15th cycle, erratic behavior was observed and these electrodes should be discarded. According to this, each sensor was used to analyze one must sample.
Once the experimental conditions had been established, the array of sensors was used to analyze musts of five different grape varieties.
As mentioned in previous paragraphs, the sensors developed here provide complex voltammetric responses. The reason is that voltammetric curves take into account the electro-active compounds present in wines or musts (e.g. polyphenols or sugars). In addition, the electro-catalytic material facilitates the oxidation of certain compounds such as phenols. These interactions increase the cross-selectivity of the sensors, thus improving the performance of the array. Finally, the modification with enzymes and the enzymeelectron mediator interaction introduce certain selectivity to the array.
For these reasons, each electrode showed a distinct response towards the musts analyzed, depending on the chemical composition of the working electrode. In all the M-SPE sensors, the oxidation peak of phenols present in the musts was observed to be within the 0.5e0.8 V region as a broad anodic wave (Fig. 5) . Different intensities were observed depending on the nature of the working electrode.
When the electrodes were covered with GOX ( Fig. 5 solid lines) , a clear increase in the intensity of the curves was observed when the electron mediator was NiONP or PB, confirming the excellent electron mediator properties of nickel oxide nanoparticles and Prussian blue for GOX. The electro-catalytic effect was not observed in C-GOX-SPE, Pt-GOX-SPE, Au-GOX-SPE or GPH-GOX-SPE.
The NiONP-Tyr-SPE and PB-Tyr-SPE biosensors also furnished substantially larger signals than the NiONP-SPE or PB-SPE analogs, reflecting the electro-catalytic activity of NiONP and PB for Tyrosinase (Fig. 6 ). This enhancement was particularly noticeable in the case of the NiONP electrodes, demonstrating the excellent characteristics of NiO nanoparticles as electrode material in the construction of electro-chemical enzyme sensors for the detection of phenolic compounds.
Obviously, the voltammetric responses depend on the chemical composition of the studied solution. As each grape has his own content in sugars and phenols, the same sensor provides different responses towards different grapes. This is illustrated in Fig. 7 , where the response of the PB-Tyr-SPE immersed in different musts is shown. 
Bioelectronic tongue. Statistical analysis
As demonstrated in the previous section, the screen-printed electrodes were sensitive to the chemical compounds present in musts. In addition, the chosen electron mediators showed different electro-catalytic behaviors. According to these results, the electrodes provided distinct responses when immersed in different musts, showing an important degree of cross-selectivity.
Principal Component Analysis (PCA) was performed using the signals obtained separately from the arrays of M-SPE (Fig. 8a) , M-GOX-SPE (Fig. 8b) , and M-Tyr-SPE electrodes (Fig. 8c) . Notice that each array is formed by 6 sensors (number of variables in each case is 6 sensors x 10 kernels).
As observed in the figure, the third principal component also brings an important amount of information. This result is usually found in voltammetric systems (Apetrei, 2012; Cet o et al., 2014; Prieto et al., 2013) and is the consequence of the large amount of information contained in these complex curves.
When using M-SPE sensors, the clusters corresponding to the five studied musts (seven replicas per must) were clearly overlapped and it was not possible to discriminate between them (Fig. 8a) . The variation coefficients of the M-SPE sensors, calculated in Section 3.2, are responsible for the large dispersion. On the other hand, the arrays formed by the M-GOX-SPE or the M-Tyr-SPE sensors lead to a certain improvement of the discrimination. The most relevant aspect was that the positions of the clusters were related to the sugar and phenolic content of the musts analyzed. For instance, must prepared from the Tempranillo grape (which showed the highest sugar content as indicated by the Brix) was located on the left of Fig. 8b , whereas must prepared from Mencía grapes, with the lowest sugar content, was located on the right of the figure. The discrimination using the array of M-Tyr-SPE was not so efficient, but some general trends could be observed (Fig. 8c) . Must obtained from Tempranillo, Cabernet-sauvignon, Prieto Picudo and Garnacha grapes, which have the highest IPT values, tend to appear in the region corresponding to a negative PC2. Musts After testing the arrays separately, the multisensor systems were merged to obtain an array that can discriminate musts according to the sugar and phenolic content simultaneously. The combination of M-GOX-SPE and M-Tyr-SPE considerably improved the discrimination capability. This is illustrated in Fig. 9a , where the scores plot, calculated when using the combined biosensor array, is shown. As observed, using the mixed array, a clear separation between the five musts studied was attained. The positions of the clusters are related to the sugar and phenolic content. For instance, the Tempranillo variety, which has the higher Brix and IPT, appears apart from the rest in the negative region of PC1 and the positive region of PC2. Prieto Picudo, Cabernet-Sauvignon and Garnacha, which have intermediate values of Brix and IPT, appear in the middle of PC1, while Mencía, with the lowest values, appears in the negative region of PC1. It has to be noted that the cluster of the Garnacha variety (which has similar values of IPT and Brix to Prieto Picudo and Cabernet-Sauvignon) appears well separated from the cluster corresponding to the other two varieties, instead of being located in the same region. This can be attributed to the low pH values of the must obtained from this grape, which can cause important differences in the enzymatic activity. It is also worth mentioning that including the set of M-SPE sensors in the array did not significantly improve the discrimination capability of the system. Fig. 9b shows the loading plots obtained by using the hybrid array formed by six M-GOX-SPE and six M-Tyr-SPE sensors (twelve sensors Â 10 kernels per sensor). Similar loadings indicate redundancy and collinearity in the response matrix. As observed in the figure, the biosensors have different loadings, indicating that they provide complementary information.
The system developed showed almost the same discrimination capability as other arrays based on more complex sensors with a high degree of cross-selectivity.
The PLS model was developed in the PLS-1 mode. In order to select the number of factors, a cross-validation method, leaving out one sample at a time, was used. Given the set of 35 calibration voltammograms, the PLS-1 calibration on 34 calibration curves was performed and, using this calibration, the concentration of the compounds in the sample left out during calibration was predicted. This process was repeated 35 times until each calibration sample had been left out once. The concentration of each sample was then predicted and compared with the known concentration of the reference sample. The values of the root mean square error of calibration (RMSEC), which is an estimate of the absolute error of calibration and the values of the root mean square of the prediction (RMSEP) and the squared correlation coefficients (R 2 ), obtained when plots of actual versus measured (or predicted) predicted concentration are summarized in Table 3 . Results indicate that the optimized PLS-1 model allows us to assess simultaneously the IPT and Brix in grape juices.
Conclusions
A multisensor system was obtained by using screen-printed electrodes modified with carbon, platinum, gold, graphene, nickel oxide nanoparticles and Prussian blue, and covered with glucose oxidase or tyrosinase. The voltammetric responses toward glucose and catechol demonstrated that each screen-printed material shows a different electro-catalytic and electron mediator activity, producing a variety of responses. The electrochemical signals of musts consisted of complex voltammetric curves bearing information associated with the phenolic and sugar content of the grapes. In addition, the interactions between the electrode and the solution (i.e. the pH affecting the enzymatic activity, or the electrocatalytic activity of the modifiers) increased the cross-selectivity of the sensors.
A clear discrimination of the samples was attained by using the hybrid array formed by glucose oxidase and tyrosinase based sensors, combined with Principal Components Analysis.
The enhanced electrochemical reactivity of the M-GOX-SPE and M-Tyr-SPE electrodes (particularly when using Prussian Blue and nickel oxide nanoparticles), and the variety of responses obtained when electrodes were immersed in musts, make these modified screen-printed electrodes attractive to form an array of sensors.
The system developed showed almost the same discrimination capability as other arrays based on more complex sensors. Due to the limited repeatability of the serigraphied electrodes, each sensor could only be used to analyze one sample. However, the lower price, ease of use and portability of the modified screen-printed electrode system makes the bioelectronic tongue developed here a possible alternative tool to analyze simultaneously sugar and phenols in situ in the vineyard block. However, further work is needed to reduce the number of sensors, so the system could be used more easily in a non-laboratory environment. There is also a need to extend the study to grapes with different degree of maturity.
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